The increase in genome scanning data, derived from clinical genetics practice, is producing a wealth of information on human sequence variability. The critical issue is to identify if a given nucleotide change results in a benign polymorphism or a disease-causing mutation. We have focused on one specific gene expression step, pre-mRNA processing, where we can functionally define the effect of nucleotide changes and in turn the patient's mutation can shed light on the basic pre mRNA splicing mechanisms. Our results show that several nucleotide changes in CFTR exon 12 induce a variable extent of exon skipping that leads to reduced levels of normal transcripts. This is the case in both natural mutations D565G and G576A (the latter having previously considered a neutral polymorphism) and several site-directed silent substitutions. We demonstrate here that this phenomenon is due to the interference with a new regulatory element that we have named composite exonic regulatory element of splicing (CERES). The effect of single nucleotide substitutions at CERES cannot be predicted by neither SR matrices nor enhancer identification. The recognition and characterization of splicing abnormalities, caused by exon sequence variations at CERES elements, may represent a frequent disease-causing mechanism that also relates to the phenotypic variability. Our results indicate that even the most benign looking polymorphism in an exon cannot be ignored as it may affect the splicing process. Hence, appropriate functional splicing assays should be included in genotype screenings to distinguish between polymorphisms and pathogenic mutations.
INTRODUCTION
Pre-mRNA splicing is a complex mechanism that relies on the correct identification on the transcribed RNA of protein coding sequences (exons) from the more abundant non coding sequences (introns). This identification requires the presence of a 'core' of cis-acting sequences (5 0 and 3 0 splice sites, branchpoint sequence and polypyrimidine tract) together with additional cis-acting elements, localized either in the coding sequence or in nearby introns, that may enhance or antagonize splicing. All these elements, interacting with splicing regulatory factors such as the serine-arginine-rich (SR) proteins and heterogeneous nuclear ribonucleoproteins (hnRNPs) (1) (2) (3) (4) , allow the fine tuning of the splicing process and provide the possibility of its differential regulation. A special case of modulation is the alternative splicing, a strictly developmentally regulated and tissue-specific controlled phenomenon that occurs in 40-60% of human genes and is responsible for significant genome diversity (5, 6) . However, such a complexity entails a high risk of derangement following even minor mutations. Abnormalities in pre-mRNA splicing actually represent an important mechanism by which gene mutations cause disease, accounting for 30-50% of cases when RNA was directly analysed (7, 8) . In classical splicing defects the core elements described above are mutated and the effect on splicing can be predicted on the basis of the genomic DNA sequence analysis. However, the effect of mutations in non-obvious regulatory elements is more difficult to evaluate directly from genome scanning methodologies. Furthermore, they may result in less severe splicing defects and less severe phenotypes. This will require the determination of the RNA expression pattern in affected tissues that may not always be available. In particular, point mutations in exonic regulatory elements may induce variable levels of aberrant exon skipping and thus the distinction between polymorphisms and splicing pathogenic mutations represents an increased challenge (4, 9, 10) . To facilitate this distinction the use of computer assisted enhancer sequence prediction by means of SR protein score matrices has been suggested (9, 11) . In addition, the frequency by which exonic sequence variations may affect the splicing process is unknown.
To understand the role of non-canonical regulatory elements in splicing pathology we have analysed the splicing pattern resulting from variants at the CFTR exon 12. Skipping of this exon removes a highly conserved region encoding part of the first nucleotide-binding fold of CFTR rendering the protein non-functional (12) . Complete skipping, due to disruption at the conserved splice sites, causes severe classical cystic fibrosis (CF) with typical multiple organ involvement (13) (14) (15) . In normal individuals, variable levels of CFTR transcripts without exon 12, accounting for 5-30% of total CFTR mRNA, have been observed (16) (17) (18) . We have focused our attention on the effect on splicing of several previously reported changes in coding sequences, that did not have an obvious association with protein functionality or disease phenotype. This is the case for two interesting and enigmatic missense mutations, D565G and G576A. The D565G mutation was previously reported in a young subject during a screening program and suspected of inducing exon skipping (19) . The conservative G576A missense substitution was originally listed as a neutral polymorphism in the Cystic Fibrosis Genetic Analysis Consortium (http://genet.sickkids.on.ca). Later studies detected the mutation in individuals with classical CF (20) and in patients who have evidence of a clinical disease only in a subgroup of the organ systems (20) (21) (22) . These non-classical CF forms, including late-onset pulmonary disease, congenital bilateral absence of vas deferens (CBAVD), or idiopathic pancreatitis frequently show a genetic diagnostic challenge for the unclear genotype-phenotype correlation (22) (23) (24) . In this paper we have analysed in vivo and in vitro the splicing defects associated with exon 12 nucleotide variations. For this purpose we studied mRNA transcripts derived from patients' nasal epithelial cells and from hybrid minigene transient transfection assays. Our results demonstrate that a similar splicing pattern is observed for a given mutation both in vivo and in vitro. Several nucleotide substitutions in CFTR exon 12 change the splicing pattern and define two new splicing elements with a composite regulatory function that we have named CERES (composite exon regulatory element of splicing). Mutations inducing exon skipping include both missense D565G and G576A mutants and several neutral substitutions. The splicing defect of neutral substitutions suggests that careful interpretation is needed for the pathological nature of nucleotide variations in human disease, particularly when they do not change the amino acid sequence.
RESULTS

D565G and G576A missense mutations cause CFTR exon 12 skipping in vivo
We evaluated, in nasal epithelial cells, the pattern of CFTR exon 12 splicing in both normal subjects and heterozygous individuals with D565G and G576A alleles. The missense D565G mutation was detected in seven Greek subjects, always in cis with the common polymorphism R668C (2134C/T) in exon 13 (Table 1 ). All these subjects were heterozygotes and two showed non-classical CF: one patient was affected by CBAVD and the other with pulmonary symptoms of an unknown aetiology. The patient carrying the G576A missense mutation was affected by testicular azoospermia and in this case the G576A allele was also in cis with the R668C polymorphism. To distinguish between the transcripts produced from the normal and mutant alleles we took advantage of the presence of the R668C polymorphism in exon 13 in cis with both mutations, and designed allele-specific primers. The 688C and 688R primers contain either C or T at their 3 0 end (nucleotide 2134 in CFTR mRNA), to discriminate between the R and C alleles at amino acid 668 (Fig. 1A) . Two PCR's were set up for the nasal epithelial cell cDNA derived from each of the D565G and G576A heterozygotes and from heterozygous controls for R668C, using the common F3 forward primer in exon 11 and each of the two allele specific primers of exon 13 (Fig. 1A) . Analysis of the cDNA products in all cases revealed the presence of two transcripts of 449 and 362 bp containing or lacking the exon 12, respectively (Fig. 1B) . In heterozygous individuals the 668C allele carrying the mutations D565G or G576A clearly showed a significantly lower proportion of normal transcripts containing exon 12 than the 668R allele (Fig. 1B, lanes 7-20) . On the contrary, in normal subjects, the two polymorphic alleles with 668C or 668R produced an equally low amount of leaky splicing (Fig. 1B, lanes 1-6) . The presence of leaky splicing in normal alleles is consistent with previous data where, in normal individuals, variable amounts of mRNA transcripts lacking exon 12 (5-30%) have been reported (16) . In order to quantitate the proportion of exon 12þ CFTR mRNA accurately, in vitro transcribed mRNAs, with and without exon 12, were mixed in varying proportions, reverse transcribed and analysed as for the nasal samples (Fig. 1C, left panel) . The data were then plotted against the proportion of input RNAs (Fig. 1C, right panel) and, according to the resulting graph, the experimental proportions of CFTR exon 12 transcripts in nasal epithelial cells were corrected. This analysis showed that the mutant D565G and G576A alleles produced about 40 and 22% of exon inclusion, respectively (Table 1 ). These results indicate that, in nasal epithelial cells, the D565G and G576A missense mutations cause a splicing defect affecting the recognition of CFTR exon 12.
Defective CFTR exon 12 recognition in hybrid minigenes containing D565G and G576A missense mutations
In order to study in more detail the splicing regulation of CFTR exon 12 we have developed a faithful splicing assay that mimics the in vivo situation. Exon 12 sequences including part of the flanking introns 11 and 12 were inserted into a previously reported hybrid minigene consisting of the a-globin and fibronectin intron-exon sequences (25) (Fig. 2A) . This minigene has been widely used to investigate the regulation of normal and aberrant splicing of several exons including CFTR exon 9 (25) and the cryptic exon in the ATM gene (26) . Transfection of normal WT CFTR exon 12 minigene in Hep3B cells followed by RT-PCR amplification generated mostly transcripts of 326 bp containing exon 12 and a smaller proportion of 239 bp transcripts in which it was lacking (Fig. 2) . The same was true for WT-B, a variant with a new restriction site in intron 12 created to facilitate subsequent cloning procedures (Fig. 2C,  lanes 1-2) . Quantitative analysis of the results showed that about 17% of the mRNA did not contain exon 12, indicating a leaky splicing of CFTR exon 12 minigene analogous to that of the Data from six subjects with the D565G mutation, one patient with the G576A mutation and four controls are calculated from the experimental proportions of CFTR exon 12 inclusion adjusted according to the graph shown in Figure 1C . Data are expressed as percentage of exon 12 inclusion and represent the averageAE SD of at least two independent measurements done in duplicate. In vitro transcribed RNAs from pK12þ and pK12À (with the arginine variant) were mixed in different proportions, reverse transcribed and amplified with primers F3 and 688R. Left panel: the CFTR exon 12 plus and minus products analysed in 5% PAGE were quantitated using a Cyclone Instant Imager. The percentage of inclusion calculated as the ratio of the intensity of the upper and lower bands (normalized for the GC content) was plotted against the ratio of pK12þ RNA to pK12À RNA plus pK12þ RNA. Data represent the mean of three experiments done in duplicate. Similar percentage of exon 12 inclusion was obtained using pK12 RNAs with the Cysteine variant, amplified with the allele specific 688C primer.
chromosomal gene in tissues from normal individuals. The reason for the leaky splicing may be a deviation from the consensus 5 0 splice site at a critical T in position þ4 (Fig. 2B) . In fact, the leaky splicing of the exon can be corrected by restoring the consensus adenine in this position which results in complete exon inclusion (Fig. 2C , lane WTB5ss).
We then studied the pattern of splicing of a minigene with the missense mutations D565G, G576A and Y577F, the latter associated to classical CF. The D565G showed about 35% of normal transcripts containing exon 12 (Fig. 2C) . The G576A mutation resulted in a severe splicing defect, with only 7% of normal exon 12þ mRNA transcripts. Instead, the nearby Y577F mutation found in classical CF did not produce aberrant skipping but surprisingly increased exon inclusion in comparison with WTB (Fig. 2C) . This indicates that, unlike G565A and D565G, the disease-causing effect of Y577F cannot be attributed to a splicing abnormality but rather to a protein defect. These results indicate that the two missense D565G and G576A mutations associated with non-classical CF induce variable proportion of exon 12 skipping, with G576A most severely affected. The disease-causing effect of this last conservative mutation must hence be due to the induced splicing defect.
Negative regulation of CFTR exon 12 splicing by the splicing factors SF2/ASF and hnRNPA1
In several gene systems tissue-specific factors may modulate the splicing efficiency (1, 3, 25) . To evaluate their role in CFTR exon 12 we transfected normal and the three D565G, G576A and Y577F minigenes in different cell lines (Fig. 3A) . For each cell line tested, the three variants cause comparable changes in splicing efficiency, with D565G and G576A inducing exon skipping and Y577F exon inclusion. However, the severity of the splicing defect was different among the cell lines. For example, G576A showed 15% of exon inclusion in NT2, 7-9% in HeLa, COS1 and T84, and complete skipping in CFPAC. These results suggest that the intracellular concentration of ubiquitous splicing factors may modulate the severity of the splicing defects. To test this hypothesis we have evaluated the role of several splicing factors using normal and mutated CFTR exon 12 minigenes. Figure 3B shows the results of the cotransfection experiments with two representative splicing factors: the SF2/ASF that belongs to the family of the SR proteins and the heterogeneous nuclear ribonucleoprotein A1 (hnRNPA1). Plasmids coding for these splicing factors were transiently expressed simultaneously with the CFTR constructs and their effect on splicing analysed by RT-PCR amplification. In WTB, D565G and G576A, overexpression of any of the two splicing factors caused an increase in CFTR exon 12 skipping. The amount of normal transcript containing the exon 12 were reduced in WTB (40-51%), very low in D565G (7-12%) and virtually absent in the G576A mutant (Fig. 3B) . A similar inhibition of splicing was observed for SRp55, SRp40 and SRp75 splicing factors, whereas polypyrimidine tract binding protein did not change the splicing pattern (data not shown). These results indicate that, in the presence of high concentration of inhibitory splicing factors, the D565G and G576A missense mutations produce very low levels of normal CFTR transcripts. Variations in the concentration of these regulatory splicing factors may be responsible for tissue-specific phenotypic expression.
Definition of composite exonic regulatory elements of splicing
To understand the frequency with which exonic point variations affect the splicing process we have prepared several variants with single nucleotide changes at or close to those of the missense mutations. A total number of 26 hybrid minigenes were analysed containing site-directed mutations at two target sequences of the exon: the AAGATGC sequence at the 5 0 end from position 12 to 18, which includes D565G at position 15, and a central GGATAC sequence from position 47 to 52 which contains G576A and Y577F of position 48 and 51, respectively (Fig. 4) . The variant minigenes were transfected into Hep3B cells and the resulting splicing patterns analysed. Unexpectedly, all but one of the 26 mutations affected the splicing process. Thirteen caused severe exon skipping (less than 15% of exon inclusion), five affected the splicing process mildly (between 60 and 15% of exon inclusion) and seven enhanced the exon inclusion (Fig. 5) .
In the AAGATGC element all mutations at positions 14, 15, 17 and 18 induced variable degrees of exon skipping (Fig. 5) . Base replacements at position 16 increased exon 12 inclusion and substitutions at position 12 showed diametrically opposite effects on splicing depending on the base changed: 12G induced inclusion (98%) and 12T skipping (8%; Fig. 5 ). Similarly, substitutions at position 13 resulted in either increased (13G) or reduced (13T) exon recognition. A similar picture was evident at the central regulatory sequence GGATAC in which site-directed mutants may cause different degrees of exon skipping (positions 47, 48, 49 and 52), exon inclusion (position 51) or variable changes depending on the base substituted (position 50) (Fig. 5) . In some exons, SR protein score motifs have been found to correlate with splicing efficiency, therefore raising the possibility of predicting the exon skipping effect of single base substitutions (9,11). We did not find any significant correlation with exon 12 skipping using the four available motif-scoring matrices (data not shown). This indicates that the two exonic sequences analysed contain composite elements with overlapping enhancer and silencer properties that are not completely dependent on the SR protein interactions. Owing to the peculiar behaviour, we named these elements composite exonic regulatory element of splicing (CERES).
Interestingly, the site-directed mutants 13G, 16C, 49G and 49T are at the third position of codons and do not modify the aminoacid code. So they would be labelled as neutral variations, if found in a classical genome scanning analysis. Among these, the base changes at position 49 resulted in very low amounts of normal transcripts containing exon 12 (about 10%; Fig. 5 ), indicating that 'neutral' variations frequently considered not to have pathological consequences may on the contrary induce a severe splicing defect.
DISCUSSION
Genotype screening in human disease frequently identifies exon sequence variations whose association with the disease phenotype is unclear. In fact the pathologic effect of an apparently benign polymorphism, such as codon third position variations or conservative amino acid replacement, are difficult to assess. In this paper we have evaluated the role of the exon coding sequence variability on the pre-mRNA splicing process, using the CFTR exon 12 as a model. We show that the diseasecausing mechanism of several exonic substitutions involve the splicing process, resulting in a variable extent of exon skipping. The largely unexpected high frequency of the nucleotide changes that affects CFTR exon 12 splicing, (half of the changes resulted in less than 15% of exon inclusion, Fig. 5 ), has wider implications for all genotype work and for the pre mRNA splicing field. These results indicate the possibility that even the most benign looking polymorphism in an exon can modify the clinical phenotype by causing aberrant splicing. An attempt to provide a tool for the prediction of splicing defects using SR consensus sequences has been successful in some systems (9, 11) . However this procedure did not show significant correlation in CFTR exon 12 (this paper) or in CFTR exon 9 (unpublished).
In order to identify 'hidden' splicing mutations and to characterize the largely unknown exonic regulatory elements, we have analysed transcripts derived from nasal epithelial cells of CFTR patients and extended this analysis with hybrid minigene assays. (4, (25) (26) (27) . The mild CF phenotypes of the D565G and G576A patients may be explained considering that the variant CFTR protein is functional and that the defect is the consequence of exon 12 skipping induced by the nucleotide change. It is interesting to note that changes in the codon following G576A result in the classical CF mutation Y577F that produces a non-functional protein, but splicing is not significantly altered. Two similar splicing defects that produce a variable amount of normal CFTR transcripts (skipping of exon 9 or inclusion of a cryptic exon by 3849 þ 10 Kb C!T), are indeed associated with tissue-specific and phenotype variability (23, 24, 28, 29) . These variants produce different quantities of normal mRNAs in different tissues from the same individual (30, 31) , suggesting a tissue-specific modulation by splicing factors. In the same manner, it should not be considered that the missense mutations in CFTR exon 12 produce constant proportions of normal mRNAs in vivo. In fact, their splicing efficiency can be modulated by the cell type (Fig. 3A) , possibly through variable concentrations of the splicing factors such as SF2/ASF and hnRNPA1 (Fig. 3B) . Thus, according to tissue concentration of regulatory splicing factors, and their variations from individual to individual, the D565G and G576A may produce different quantities of mRNAs lacking the exon leading to phenotype variability. The identification of additional regulatory trans-acting factors involved in splicing modulation and the determination of their relative concentrations in affected tissues will give a more comprehensive picture of the molecular interactions that directly influence the phenotypic expression.
Exonic regulatory splicing elements found in both constitutive and alternative exons are classically divided in exonic splicing enhancers and silencers (4, 9, 10) . In CFTR exon 12, the systematic site directed mutagenesis experiments clearly show overlapping enhancer and silencer functions and therefore the CERES element is neither a pure enhancer nor a silencer (Fig. 5) . Highly degenerated exonic enhancer elements have been suggested to be fully predictable using scoring matrices that allow the direct testing of point mutations on splicing, and therefore may have a practical application in human pathology (9, 11) . In the CFTR exon 12 CERES, the exon skipping phenotype was not predicted by the available computer-assisted analysis of SR sites. It should be noted that work on enhancers and silencers has mostly involved limited mutagenesis and that extensive nucleotide changes around these elements may uncover a CERES type behaviour in many currently accepted pure 'enhancers' or 'silencers'. The differences between classical and CERES-type regulatory elements may not only be due to the lack of extensive mutagenesis studies but more importantly to the fact that the classical enhancers and silencers are mostly defined using the simplified in vitro splicing systems. These systems do not necessarily reflect the nuclear cell environment where transcription and RNA processing are tightly coordinated (32) (33) (34) . An additional property that should differentiate classical enhancers-silencers and CERES is the capacity of the former to promote autonomously splicing changes in heterologous context, a property that we did not observe for the CERES (data not shown). The CERES elements of the CFTR exon 12 seem to be strongly dependent on the context for its function and, accordingly, the composite characteristics of these elements may also extend to the flanking nucleotides.
The identification of CERES with similar overlapping enhancer and silencer functions in other exons, such as the CFTR exon 9 (unpublished data), indicates a common splicing regulatory role of these elements. Their function may be more evident in those exons with a weak 5 0 splice site, such as the CFTR exon 12. The presence of multiple clusters of CERES elements distributed over the entire exon, or in relatively discrete regions, may produce an exon-specific combination of trans-acting factors targets and/or RNA structures that correctly define the entire sequence of CFTR exon 12. These types of mechanisms have been separately been identified in the determination of the efficiency of exon recognition in other systems (4, 9, 11, 35, 36) .
The sequence composition of the splicing regulatory elements in CFTR exon 12 overlap with the codon usage preferences and requirements for protein function. Some of the site-directed mutants that induce a high amount of aberrant exon skipping are at the third position of the codon usage and do not change the aminoacid code (Fig. 4) . When these variants are found in genomic screening, their effect on splicing is very rarely assessed and their location in splicing regulatory elements may be overlooked. Similarly the effect of missense mutations on exon recognition may also be unnoticed. An analysis of mRNA splicing pattern when possible in vivo and/or by employing reliable minigene in vivo splicing assays, should be mandatory both for proper genetic diagnosis and for improvement of our knowledge on basic RNA processing mechanisms.
MATERIALS AND METHODS
Patients and DNA mutation analysis
Nasal epithelial cells were collected from six individuals carriers of mutation D565G (A>G at 1826 in CFTR cDNA), from one CBAVD patient with G576A and from four non-CF control individuals heterozygotes for the polymorphism R668C. None of the controls used in this study had clinical signs of typical CF. Clinical data and CFTR genotypes of all the D565G and G576A carriers are shown in Table 2 . Genomic DNA was extracted from white blood cells, as previously described (37) . The presence of mutations in the 27 exons and neighbouring intronic regions of the CFTR gene was assessed by denaturing gradient gel electrophoresis (DGGE) following simple or multiplex PCR of patient DNA (38) (39) (40) . All DNA samples showing a shift in DGGE mobility and not presenting a pattern of a known mutation were sequenced using an automatic DNA sequencer (Vistra, model 725-Molecular Dynamics) for the identification of the mutation. The phase of linkage for missense mutations D565G and G556A and polymorphism R668C was deduced from family studies and confirmed by sequencing of allele specific cDNAs.
Allele-specific amplification analysis and quantitative PCR Nasal epithelial cells were collected after brushing the inferior turbinates using interdental brushes (ParoIsola, Thalwil, Switzerland), immediately put into extraction buffer and RNA prepared by the RNeasy method (Qiagen, Hilden, Germany) according to the manufacturer's instructions. Firststrand cDNA was synthesized using hexanucleotide primers and MULV reverse transcriptase (GeneAmp Kit, Perkin Elmer). After the first-strand cDNA synthesis two PCRs were set up both with the same forward F3 5 0 -gaagaggacatctccaagtttgcagag-3 0 primer and either 668C 5 0 -ggagcatctccttctaatgagaaacg-3 0 or 668R 5 0 -ggagcatctccttctaatgagaaaca-3 0 reverse primers, amplifying either the 668C or the 668R alleles, respectively. Reverse transcription-polymerase chain reaction (RT-PCR) was performed using Hot Star polymerase (Quiagen) according to the manufacturer's instructions, which includes an initial denaturation step at 95 C for 15 min for the activation of the polymerase. Thirty cycles PCR (95 C for 30 s, 66 C for 45 s, and extension at 72 C for 1 min) were used for the amplification of CFTR cDNA. [a 32 ]dCTP was included in the PCR reaction mixture, the products loaded on 5% denaturing polyacrylamide-8 M urea gel, dried and exposed to a Cyclone Instant Imager. Each analysis was repeated at least twice on two independent RNA preparations. The specificity of the allele amplification assay was verified by PCR amplification of cDNA samples derived from homozygotes for the variants R or C in position 668.
For quantitative PCR analysis, cDNA amplified fragments from nasal epithelia with and without exon 12 and with the 668R or 668C variants, were blunt cloned in the SmaI site of the pBSKS vector under the T7 Promoter to obtain pK12þ Arg, pK12À Arg, pK12þ Cys and pK12À Cys. Transcription of cold RNA was done as previously described (41) . T7 transcribed RNA from pK12þ Arg (or pK12þ Cys) was mixed in varying proportions with pK12À Arg (or pK12À Cys) T7 transcribed RNAs. These template mixtures were reverse-transcribed and amplified by 30 cycle PCRs with primers F3 and 688R (or 688C) in the presence of [a 32 ]dCTP and the resulting products were analysed in 5% PAGE and quantitated by a Cyclone Instant Imager. The percentage of inclusion calculated as the ratio of the intensity of the upper and lower bands (normalized for the GC content) was plotted against the ratio of pK12þ RNA to pK12À RNA plus pK12þ RNA. A similar percentage of exon inclusion was obtained for each point for either pK12 Arg or pK12 Cys amplified RNAs with 688R or 688C primers, respectively.
Hybrid minigene constructs
Wild-type CFTR sequences consisting of the last 333 bases of intron 11, exon 12 (87 bp) and the first 270 bases of intron 12 were amplified from normal genomic DNA with exon 12 dir 5 0 -gccatatgctatggtacagttcagt-3 0 and exon 12 rev 5 0 -catatgctacatagatagcaattgctataac-3 0 primers. These primers contained NdeI site at their ends that were used to clone the CFTR exon 12 variants in the unique NdeI site of pTBNde(min). pTBNde(min) represents the basic hybrid minigene construct utilised and consists of a modified version of the a-globinfibronectin EDB minigene (25) . In pTBNde(min) transcription is driven from the minimal a-globin promoter and SV40 enhancer (25) . By PCR mediated site-directed mutagenesis with ex12 Bam Rev 5 0 -aaatggatcctatgatgggacagtc-3 0 and exon 12 Bam Dir 5 0 atcataggatccattttacctcttgag-3 0 we introduced a BamHI restriction site 71 bp downstream of the 5 0 splice site in intron 12 to facilitate subsequent cloning procedures creating the WTB minigene. The missense and artificial point mutations were introduced in this minigene between the AccI and BamHI sites. This region was substituted with the appropriate AccIBamHI cassettes created by PCR-mediated site directed mutagenesis. The oligonucleotides used for PCR-mediated mutagenesis are available upon request. The exon 12 and flanking intronic sequences of all hybrid minigenes were verified by sequence analysis.
Analysis of the hybrid minigene expression
Hep3B (human hepatocarcinoma), HeLa (human cervical carcinoma), COS 1 (SV40-transformed simian kidney), CFPAC-1 (ductal pancreatic adenocarcinoma derived for a CF patient homozygote for DF508) and NT2D1 (human embrinal teratocarcinoma) cells were grown in Dulbecco's modified Eagle's medium supplemented with 4.5 g/l glucose, 10% fetal calf serum, 50 mg/ml gentamicin and 4 nM glutamine. T84 (colon carcinoma) cells were maintained Dulbecco's modified Eagle's F-12HAM medium supplemented with 4.5 g/l glucose, 10% fetal calf serum, 50 mg/ml gentamicin and 4 nM glutamine. Plasmid DNA was purified with JetStar columns (Genomed, Wielandstrasse, Germany). Cells were transfected with the DOTAP reagents with 3 mg of each reported plasmid and the control empty vector pCG (0.5 mg) or different amounts of the two splicing factors codifying plasmids for SF2/ASF and hnRNPA1. RNA extraction was performed after 48 h according to the method of Chomczynski and Sacchi (42) . cDNA was synthesized with hexanucleotide random primers using MoMuLV reverse transcriptase (Gibco BRL, Grand Island, NY, USA). RT-PCR was done as previously described (25) with the primers 2-3a 5 0 -caacttcaagctcctaagccactgc-3 0 and B2 5 0 -taggatccggtcaccaggaagttggttaaatca-3 0 (35 cycles, 45 s at 94 C, 45 s at 58 C, 45 s at 72 C), using 2U of Taq DNA polymerase (Roche). PCRs were optimised to remain in the exponential range of amplification and products were routinely fractionated in 1.5% (w/v) agarose gel. For quantitation of the PCR reactions, [a 32 ]dCTP was included in the PCR reaction mixture, the products loaded on 5% denaturing polyacrylamide-8 M urea gel, dried and exposed to a Cyclone Instant Imager. The counts of each splicing band were corrected by the number of C/G present in the PCR-product sequence.
